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Research Report 2 Vacuum Microelectronic Emitters

Introduction

There reat need for solid state cathodes (SSCs, or called cold cathodes) for a

variety of a, .. ,ations, such as
(a) vacuum microelectronic devices (VMDs) including medium power, wide

bandwidth mm-wave amplifiers and high power mm-wave sources,
(b) radiation hard systems,
(c) planar panel displays, and
(d) massive parallel electron beam lithography systems.
Compared to conventional thermionic cathodes, SSCs have the potential advantages

of being small in size and reliable in performance. The existing SSCs can be basically

divided into two groups: field er , -_i ind planar emitters. The former, also called Spindt

cathodes 1, is based on the field,; .ssi r, of electrons through the surface barrier (on the

order of several electron-volts) under a ve-, high field (on the order of 107 V/cm), which is

usually realized by applying a high voltage between the anode and sharp tips. The latter is

realized by generating hot electrons inside the salid !.tats material so that the kinetic energy
of electrons upon reaching the surface is higher than the surface work function. In the past
two decades, extensive research has been done to fabricate field eimrcrs and field emitter
arrays (FEAs) with high emission current density. Various types of field emitters,

including vertical ' and lateral 2 embodiments, have been developed so far with good
success. Microwave amplifiers and flat panel displays based on FEAs have also reported
recently 3. In the past 30 years, several types of planar emitters based on different hot
electron generation mechanisms have also been reported 4. The primary advantages of
planar emitters are (i) collimated planar electron emission, (ii) ease of electron modulation
and pre-bunching for high efficiency TWTs, Klystrons, etc. In order to obtain
considerable emission efficiency and current density for practical applications, the surface
of planar emitters is usually coated with low work function materials ( on the order of one
mono-layer), such as cesium and its oxide. Although the surface work function has been
successfully lowered by several electron-volts, the devices with cesiated surfaces are often
not stable due to the degradation of the cesiated surface.

In order to obtain electron emission from non-cesiated surfaces, it is necessary to heat
electrons to energy higher than the surface work function which is usually between 4 to 5

volts for semiconductors of interest. Several structures which can generate such hot

electrons have also been reported, such as Si avalanche cold cathodes (SACCs)',

UCSB Umesh K. Mishra
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A1GaAs/GaAs planar-doped-barrier electron emitters (PDBEEs) 6, and Si MOS tunneling

cathodes 7 . However, the typical emission efficiency of SACCs and AIGaAs/GaAs

PDBEEs is on the order of 1O"5 % which is too low for practical applications. For Si MOS
tunneling cathodes, although an emission efficiency of 0.7 % has been reported, the
emission current was only on the order of 10-9 Amp. and the emission was also not stable

due to the degradation of the thin oxide film under high field. In the past three years,
extensive work has been done at the UCSB on the development solid state cold cathodes by
using AIGaAs/GaAs planar-doped-barrier structures. An emission efficiency of over 5.0

% and an emission current density of over 5.0 A/cm 2 have been obtained from cesiated

AIGaAs/GaAs PDBEEs.

In the following sections, issues concerning the carrier transport across the PDB

structures and electron emission characteristics will be presented in detail. Other issues
concerning the material growth of the PDB structures and device fabrication have been

discussed in the attached Ph.D. thesis generated by this research.

UCSB Umesh K. Mishrq
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AIGaAs/GaAs planar-doped-barrier electron emitters

A Planar-Doped-Barrier (PDB) structure basically consists of n*-undoped (i)-n+

layers with a very thin p÷ layer inserted within the undoped region giving rise to a
triangular barrier structure as shown in Fig. 1. Under sufficient forward bias (the channel
is positively biased relative to the injector as shown in Fig. 1(c)), the acceleration region

p'-6 doped sheet

n+ injector i vacuum

SI 'L 2

(a)

E.e

-c) .-"s

ICC

FIG. 1 Schematic diagram of a Planar-Doped-Barrier Electron Emitter showing (a) layer
sequence, (b) band diagram under zero-bias, and (c) band diagram under forward bias.

(the p-i-n junction on the right of the barrier) is reversed biased and the injection region (the
junction on the left) is forward biased, and electrons are injected over the triangular barrier
into the high field acceleration. Injected electrons gain kinetic energy from the field and
lose kinetic energy through scattering processes. The maximum kinetic energy which
injected electrons can gain from the field is equal to the potential difference between the

peak of the conduction band and the Fermi level of the n-type channel, the acceleration
voltage qVacc. Those electrons with energy larger than the surface work function upon

reaching the surface could be emitted into vacuum.

UCSB Umesh K. Mishra
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Emission efficiency, defined as the ratio of emission current detected at the anode to

the total bias current, is determined, assuming all emitted electrons are collected at the

anode, by the electron distribution upon reaching the surface and the transmission

probability for electrons crossing the surface barrier into vacuum.

The transport of electrons across the high field acceleration region and the surface

channel is governed by the acceleration from the field and the relaxation through scattering.

Possible scattering mechanisms involved in PDBEEs include:

(a) optical phonon scattering,

(b) impact ionization,

(c) alloy scattering,

(d) intervalley scattering,

(e) ionized impurity scattering,

(f) electron-electron scattering, and

(g) coupled phonon-plasmon scattering.

Electron distribution at the surface can be known only if the scattering of hot electrons

with kinetic energy of several electron-volts is fully understood. Unfortunately, studies on

the transport of such hot electrons just started very recently, and experimental results of hot

electron mean free path are very scattered with values between several ten to several

hundred angstroms. Nevertheless, qualitatively, the larger the acceleration voltage and

smaller the transit distance (dt, defined as the distance from the peak of the barrier to the

surface as shown in figure 1), the higher the concentration of electrons with energy in

excess of the surface work function and hence the higher the emission efficiency.

In summary, in order to improve the emission efficiency, the acceleration voltage

should be as large as possible and the transit distance (including the n+ surface channel)

should be as small as possible. This results in an extremely high acceleration field. The

current flow across the barrier is therefore not necessarily governed by thermionic emission

over the triangular barrier but rather by the tunneling through the band gap within the

acceleration region. The thin n+ surface channel also causes non-uniform current injection

due to the current crowding effect. Both these effects degrade the emission performance of

PDBEEs.

UCSB Umesh K. Mishra



SRepoRt 6 Vacuum Microelectronic Emitters

Current flow mechanisms in PDBEEs with high built-in acceleration fields

Fig. 2 shows the possible contributions to the current flow in a PDBEE under a
forward bias of Vd. Jth is the current contribution of electrons with energy larger than the

barrier height, the so called thermionic emission current. JO is the contribution of

electrons with energy less than the barrier height, the so called thermionic field emission
current. Jbb is the contribution of electrons tunneling through the band gap of the

acceleration region. Jh is the hole diffusion current. Jge is the generation current within

the reverse biased acceleration region (including impact ionization). Jre is the

recombination current within the forward biased injection region. For the typical PDB

structures used for emitters, the thickness of the acceleration region is very small so that

Jg, is estimated much smaller than the thermionic emission and tunneling currents. Jh is

also estimated to be neglected. Thus, the total current crossing the PDB diodes is

approximately equal to

Jtota - Jth + J& + Jbb = Jtrsa + Jbb

where, Jtrn is the transmission current contributed from all electrons injected from the

Thermionic emission LA. )

EJ

•Deep Traps 
J'

FIG. 2 Possible current flow mechanisms across the PDB structure under forward bias of

V0

injector. Fig. 3 shows the calculated current-voltage 
characteristics of a PDB diode. The

calculation of the transmission current over the barrier is obtained by solving the quantum

UCSB Umesh K. Mishra
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mechanical transmission probability of electrons across the triangular barrier using a

propagation matrix method. The tunneling current through the band gap within the

acceleration region is calculated based on a modified parabolic tunneling barrier model.

The inserted table shows the diode structure which has typical layer thicknesses and doping
levels of a PDB electron emitter. Two important conclusions are drawn from t-his figure.

First, the thermionic emission current is almost one order of magnitude smaller than the

total transmission current, indicating the important contribution to current flow from

electrons with energy less than the barrier height. Since its voltage dependence is similar to
Jth, Jta.s can be treated by thermionic emission theory with a smaller zero-bias barrier
height. In this way, we can still terminate the region dominated by Jns as the

102
1 0 1 .. J -tra n s ...............................-* **.................... .. .. .......

10o ~ ~ J --------------b.......................................j

O 10.1• Jt1 Cap ---- tab ........................... e .. •................

_• 1 0 . 1 ......................................... ....... ..... ...... ..... ................. ......................
2 ~ 'th1 jy 2 ............................ ............... ................. ........ ... ................ ...............................................( A

C,

jo - ............. -------------- .... ..... ...................... S rim undoped G a -s

p+ Ns-8.4E 12 cm-2- U 7 ................................ ... ...... ... .... .................. .....
0 10"s ........ ............ .... ........................... ........... 40 n m ÷

lO'e" ...... M.................... . . .

100 1 2 3

Diode Bias Voltage (V)

FIG. 3 Simulation I-V characteristics of a PDB diode at room temperature (300K). The
current is dominated by tunneling (J ,) at low bias and by transmission current ( J. )
at large bias. The insert is the epitaxial structure of this diode.

thermionic emission dominated region. Second, the current flow is dominated by tunneling

(Jbb) at low bias, and dominated by the transmission current at medium and larger bias

regions. For given thicknesses of the injection and acceleration regions, the cross-over
bias, Vcross at which Jr,., and Jbb intersect, increases with the doping density of the p-

type layer. In Fig. 4 the calculated acceleration voltage Vacc for the same device is plotted

as a function of the applied bias voltage (the solid line). It should be pointed out here that

there is a significant deviation in the I-V characteristics at larger injection levels from the

UCSB Umesh K. Mishra
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calculated one due to the existence of a finite series resistance, and this effect is presented in

Fig. 4 as the dashed line. The acceleration voltage increases with the applied bias at small

and medium bias regions and saturates at large bias. Although a larger maximum

acceleration voltage can be obtained by increasing the doping density of the p-type layer at a

.2 ac wlo Ri(ow

.. ... .. ...2. .. ... .. .. ... .. ................. ............ oL ......... ........ . . ...........""":

-- 2 . . ................. • . ............... 0. • ........... ...... . .......................... 1 ......................... i........................

S1.5 -' . ........ Vacc wI Rs (low .).
S-..... Vacc W/ Rs (high Y.)

0 0.5 1 1.5 2 2.5 3
Diode Bias Voltage (V)

FIG. 4 Calculated acceleration voltage as a function of the bias voltage for two PDB
diodes: The solid line is for the PDB diode shown in Fig. 2.7 which has a lower p+ delta
doping density (7.) without taking the series resistance into account, the dashed line is for
the same diode with a series resistance, and dot-dashed line is for the diode with a higher I
and a series resistance.

given thickness of the acceleration region (as shown the dot-dashed line in Fig. 4 which is

the calculated result for a PDB diode with 7 of IxI0 13 cm-2), the current flow is dominated

by the tunneling mechanism, bb, completely before reaching the resistive region as show

in Fig. 5. Since electrons tunneling through the band gap have much lower kinetic energy

gained (at least 1.4 eV lower in the case of GaAs PDB structures) from the accelerating

field than those injected over the triangular barrier, the emission efficiency will be much

lower if the current flow in PDBEEs is dominant by the tunneling. Therefore, it is very

important to ensure that devices are operated in thermionic emission dominated region,

while simultaneously having a large acceleration voltage.

Whether the current flow in a PDB structure is dominated by thermionic emission

over the barrier or by the band to band tunneling can be determined experimentally by

investigating the temperature dependent current-voltage (I-V) characteristics of the PDB

UCSB Umesh K. Mishra
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ices

1 0 1 ..... J tra n s ..... ..................... ..... ..... ........ . ... .... ... ..... ..... .... ...
S1o . . . • J b b ............ ................... .... ........... . ... ... .. .. ......... ..... ... ... ..

1 0 1 . . . . . . ............ . .. ..................... ................................................ .........

S10 -2 ....................................... .. .......... *,*,*........................ .....................

1 " ............... ....... ................... • .. ............. ......................... ...... a1 ........................................

"4 nm nn•Ga
Oa 40 .......; ............ 2 n • a l..............i ................ ................................p•N-E3c- . .............. .'
= 0 s•............. Ii.... ..... i..................................................

10 - ............. 4 0 r + G ...... ." .. ....i............. . .................... ......... ..
W 0 .e . . . .... ... . . . . . . .0 n. n . . . .

0 1 2 3
Diode Bias Voltage (V)

FIG. 5 Simulation I-V characteristics of a PDB diode with a higher barrier height. The
current is almost completely dominated by tunneling ( J). The insert is the epitaxial
structure of this diode.

diode. Fig. 6 presents the measured I-V characteristics of the PDB diode shown in Fig. 4

in the temperature range of 50 to 300 K. The theoretical simulation is also shown as

symbols in the figure. Very good agreement between the simulation and experimental

results indicates the validity of the model used to calculated the current flow.

10101 *... - Sim ulation ................... •.

Experimental Data1o0 r-- o 30 • 2o................... ................
*rE~ •07 0 150 ....... -........- ....

o 20

1 0 "-4 ............. ..... ................................................. ..... .... ..

.•e 10"40siiii~ ~ iil•i•

• 10 .7 ....
0

~6 68&A.
10"

0 1 2 3
Diode Bias Voltage (V)

FIG. 6 Comparison between Simulated and experiments at different temperatures.
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I-V curves shown in Fig. 6 can be divided into three regions: (a) a low bias region

with weaker temperature dependence where the current flow is dominated by the band to

band tunneling, (b) a medium bias region with stronger temperature dependence where the

current flow is dominated by the thermionic emission over the barrier, and (c) a resistive

region due to the existence of a certain series resistance. When the doping density of the p-

type layer increases, region (a) in Fig. 6 will extend to larger bias voltage and eventually

region (b) will disappear indicating the current flow is completely dominated by the band to

band tunneling. On the other hand, when the doping density of the p-type layer decreases,

region (b) will extend to lower bias and eventually region (a) will disappear as observed in

earlier PDB diodes which had barrier heights usually less than the half of the band gap.

The ideal situation for a PDBEE is that the temperature dependent I-V characteristics

should look like the one shown in Fig. 6 where a distinguished thermionic emission

dominated r1 - :n shows up in medium bias region and the device is operated as an emitter

in this region. Fig. 7 shows the measured temperature dependent I-V characteristics of a

GaAs PDBEE. By comparing it with Fig. 6, it can be easily concluded that the current

flow acro3s this GaAs PDBEE is dominateo completely by the band to band tunneling

which is not desired for high performance electron emitters. There are several ways to

10= #920237
1 0 1 ........ ................. . . . .................................... .............................. . . . ..., 0 ........................... ............ ................ ................... ----------ii iii i i i

4- 100.... ..

S1 0 7.3 ........................................... ....................... ................... ...............

C 1 0 "' ... ......................... ..... ........ .............. .............. ...... t lOK......................* -2

16 4s l• /- ... ............ ..... .. frm.to.dow........

F/! step--25K
160 2 3 4

Diode Bias Voltage (V)

FIG. 7 Temperature dependent I-V characteristics of the GaAs PIDBEE (#920237). The
temperatures corresponding to the curves are from 300K to 100K from top to bottom.

UCSIB Umesh K. Mishra
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suppress this tunneling relatively to the thermionic emission: (i) for given matenial and the

thickness of the acceleration region, reducing the doping density of the p-type layer; (it) for

given material and doping density, increasing the thickness of the acceleration region; and

(iii) for given doping density and the thickness of the acceleration region, choosing
materials with a larger band gap.

As discussed earlier, both (i) and (ii) have some negative effects on the emission

performance of PDBEEs. For method (i), although the current flow across PDB structures

may be dominated by the thermionic emission, the maximum acceleration voltage is

reduced. For method (ii), although a large maximum acceleration voltage can be preserved

and the current flow can be dominated by thermionic emission, the transit distance and

hence energy loss due to scattering is increased. The only way of suppressing band to

band tunneling without sacrificing the small transit distance and large acceleration voltage is
to use materials having !arger band gap. Alo.3Gao.7As was chosen in our research because

it has a larger band gap of 1.8 eV compared with 1.42 eV for GaAs, and is readily grown

and doped by MBE.
Fig. 8 shows the temperature dependent I-V characteristics of the Alo.3Ga0 .7As

PDBEE. By comparing with Fig. 6, it can be concluded that the current flow in medium

region as region (b) indicated in the figure is dominated by the thermionic emission over the

barrier.

1021 ........ ........................ ................................. ......
101 AIGa~ PBE

T=300 to 175K (c)E 10° ........ step= 25K .......... ......... .............................

10I ....... from top to bottom .. .... ....................................

1 0 " .................................... ....................... .... .. .. .. .. ... ...(b1 0 7 5 ................. ..... ........................ .............
.. ...". . .................. .. ............................. ...................................

10"77 L
02 34

Diode Bias Voltage (V)

FIG. 8 Temperature dependent I-V characteristics of AIGaAs PDBEE.
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0 .3 . . . . . . . . . . . . . . . 0 .5
Anode Bias=-100v m

"0.3

0.12 0.2..

0.06

0 1 2 3 4 5 6 7
Emitter Bias Voltage (volt)

(a)

1.2 ........ .... ..-' '-' '- , * .. .. . 3

1 .. .. .. .. .. .. .. .. .. ..................... .. .. . . .. .... .. .... .. ............. ......... .. . .. ....................... 0.

m

R ' 0 .1 8 .................... ......... ................. .............. .. ................ 0. 3

W

S04 . ........ .... • ............ ..... ......• . ..... ... ......- . .. ... ..... i............... .................... ............ 1...

0 .0 6 ........................ .................................... .......... •.......... ............... 0 . 1• ;,0 0

0 . . " .2-. .50
0 00 1 2 3 4 5 6

Emitter Bias Voltage (V)
(a)

FJG. 9 Emission characteristics of a GaAs PDBEE (a), and AIGaAs PDBEE (b) showing
emission efficiency and emission current density vs. emitter bias voltage. The anode bias
is 100 V.

We have fabricated emitters using both GaAs and Al0 .3Ga0,TAS PDB structures.

Both devices have the same layer and doping structures. The only difference between them

is that in the Ak03Ga0.7 As PDBEE, the injection and aceleration regions are made of

UCSB Umesh K. Mishra
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Alo.3Ga0.7As. Temperature dependent I-V characteristics of these emitters are shown in

Fig. 7 and Fig. 8. Figure 9 presents the emission current density and efficiency of the
GaAs and Alo.3Gao.7As PDBEEs. By using Alo.3Gao.7As as the barrier material, the
emission current density and efficiency have been improved by about 6.2 and 3.6 times.

Although the emission performance of PDBEEs can be further improved by reducing
the thickness of the surface channel layer so as to reduce scattering of injected electrons, the
current crowding along the thin channel decreases the effective bias voltage and hence
reduces the acceleration voltage as shown in Fig. 10. Therefore, there exists a trade-off in
designing the surface channel layer.

0 a a+b
Veff<Vd : ,

I• .h j - --Rc i ,Rchc

ch • ' Jch n+ channell

ld ~ -p _sheet acceleration region

injection region

V d _ R su b n n j c o r

FIG. 10 A schematic diagram of the cross section of a PDBEE. Due to the existence of a thin
channel, there is a lateral potential drop along the channel, making the center of the emission area
less biased than the edges.

UCSB Umesh K. Mishra



Research ReFort 14 Vacuum Microelectronic Emitters

Emission characteristics of AIGaAs/GaAs PDBEEs

More work has been done on PDBEEs with Alo.3Gao.7As as the barrier material.
Emitters and arrays with thinner surface channel layer and smaller emission areas have been
designed in order to minimize both the scattering and current crowding. Table I shows the
epitaxial structure of one of the best Ao.3Gao.7As PDBEEs grown by solid source MBE

(Varian GEN-H). The thicknesses of the injection region, acceleration region and n-type
channel layer are 150, 250 and 250A, respectively. The doping each layer is also listed in
the table.

Table I Epitaxial structure of a AI0.3Ga0 .7As PDBEE (#9211-33)

Layer Material Thickness (A) Dopant/ Doping

GaAs 20
Si/ lxIO13 cm"2

Contact GaAs 15
layer Si/ Ix0 13 cm-2

GaAs 15

GaAs 80 Si/ 5xlO 8 cm"3

Al0 .3Ga0.AS 100 Si/ l-5x101 8 cm-3

Channel Si/ lxlO13 cm 2

Al 3.3GaO.7As 20
Alo.3Gao.7As 250

Barrier Be/ 2x10' 3 cm-2

Al0 3Ga0.7As 150

graded AIGaAs 180 Si/1-5xlO8 cm-3

Injector GaAs 5000 Si/ x1018 cm- 3

The cross section of a completed device is shown in Fig. 11, and Fig. 12 shows the

SEM picture of the topology of PDBEEs. The emission surface was passivated with

(NH4)2Sx after fabrication, and then cleaned, in situ, by desorbing the sulfur overlayer in

ultra-high vacuum. Cesium is then deposited onto emission surfaces at room temperature

to lower the surface work function.

UCSB Umesh K. Mishra
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Surface (Emsion Surface
contacts k re)contacts

S ~Top bondingpa

Contact layer

bonding pad n+ Channel

Acce. Region o
-rt**' Boron implanted ***

Injec. Region * n region

n+ Injector

S.1I. GaAs

HIG. 11 Schematic cross section of a completed PDBEE.

FIG. 12 SEM picture of the topology of PDBEEs
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Fig. 13 shows the emission characteristics of the Al03 Ga0% 7As/GaAs PDBEE with

the epilayer structure shown in Table I. The peak emission efficiency is 4.2 % with an

emission current density of 2.0 A/cm2. The maximum emission current density is about

5.8 A/cm 2 with an emission efficiency of 0.6 %.

6 8

AIGaAs PDBEE m
5 2 pm metal, 5 gm spacing

-4
OR 0

.2

2f

0 . . . ' ' ' •' ' 01 2 3 4 5

Emitter Bias Voltage (V)

FIG. 13 Emission characteristics of a AIGaAs/GaAs PDBEE.

Fig. 14 presents the emission current from the same AIGaAs/GaAs PDBEE as a function of

the anode bias at several emitter bias levels. The Ta anode is placed approximately 0.5 mm

from the emission surface. The insert is an expanded view at a smaller current scale

showing the onset of the emission. This figure is very similar to the I-V characteristics of

a typical vacuum triode with a directly modulated emitter. The anode current saturates at

about 60 volts for the highest emission current level.

Fig. 15 shows the emission characteristics of a A1GaAs/GaAs PDBEE which was

made from the same wafer as the one shown in Fig. 13, (the epilayer structure listed in

Table I), but the channel layer within emission areas is thinned by etching away 50 A
GaAs. The peak efficiency is about 6.7 % at an emission current density of I A/cm 2, and

the maximum emission current density is about 1.8 A/cm 2 at an emission efficiency of 3.5

%. Compared with the emitter shown in Fig. 13, the higher emission efficiency from this

device is due to the 50A thinner channel whereas the lower emission current density is due

to more current crowding along a thinner channel.
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FIG. 14 Emission current vs. anode voltage at different emitter bias voltages as indicated in the
figure. The anode bias is scanned from zero to 100 voltages. The insert is the blow-up at low
current levels.
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FIG. 15 Emission characteristics of a AIGaAsIGaAs PDBEE with the channel layer
within the emission areas partially removed.
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Although the current crowding degrades both the emission efficiency and emission
current density, it has been shown that it affects the emission efficiency much less than
emission current density. Therefore, although the device with the channel partially
removed has a thinner channel and enhabced current crowding, the emission efficiency is
still improved by 60 % because of reduced hot electron scattering.

In summary, planar electron emission has been demonstrated from semiconductor
surfaces using AIGaAs/GaAs planar-doped-barrier structures. Emission efficiency of over
5 % and emission current density of over 5 A/cm2 have been obtained from cesiated
AIGaAs/GaAs PDBEEs.

As mentioned earlier, compared with solid state cathodes with different hot electron
generation mechanisms, PDBEEs are majority carrier devices and the electrons are injected
over the barrier by a forward biased p-i-n junction and accelerated by another reverse
biased p-i-n junction. Therefore, high emission efficiency and high emission current
density can be obtained at the same time. However, since it is difficult to apply a larger
enough acceleration voltage across a thin region while maintaining the dominant current
mechanism as thermionic emission over the barrier, the surface of AIGaAs/GaAs PDBEEs
had to be cesiated to obtained measurable emission current. It has been long recognized
that cesiated surfaces are not stable over the time so that the application of cesiated SSCs
are limited.

In order to obtained electron emission from non-cesiated SSCs, it is necessary to heat
electrons to kinetic energy level of about 5 eV within a region less than the hot electron
mean free path. In this proposal, we propose non-cesiated SSCs made from GaN based
materials.
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Future Work: GaN based Non-ceslated solid state cathodes

Based on the study of AIGaAs/GaAs PDBEEs, it can be concluded that materials with

even larger band gap are necessary to suppress the band to band tunneling since it

decreases drastically with increasing band gap. GaN has an energy band gap of about 3.4

eV. Fig. 16 presents the calculated tunneling current density across the acceleration region

of both GaAs and GaN PDBEEs as a function of the acceleration voltage. Even with an

acceleration region of only 100 A, the tunneling current is essentially negligible.

104M 1 0 . . . . .. . . . .....

10 .i l ... .................. ... i .............. ............. ..A .. ............. i ............................ i ........................ .
1 0.1 .....

1 0-7 r
0 1 2 3 4 5

Acceleration Voftage (volt)

FIG. 16 Band to band tunneling vs. acceleration voltage

As a result, a larger acceleration voltage can be applied across a thinner acceleration
region with negligible tunneling contribution. This allows new approaches to achieve
electron emission. The new approaches proposed here include (1) GaN based PDBEEs,

and (2) AIN/GaN tunneling cathodes.

1. GaN based PDBEEs

As a continuous research on planar-doped-barrier electron emitters, we propose here

GaN PDBEEs with two different terminating materials: (a) n-type GaN, and (b) metals.

(a) GaN terminated GaN PDBEEs

UCSB Umesh K. Mishra



•rc Report 19 Vacuum Microelectronic Emitters

Future Work: GaN based Non-ceslated solid state cathodes

Based on the study of AIGaAs/GaAs PDBEEs, it can be concluded that materials with
even larger band gap are necessary to suppress the band to band tunneling since it
decreases drastically with increasing band gap. GaN has an energy band gap of about 3.4
eV. Fig. 16 presents the calculated tunneling current density across the acceleration region

of both GaAs and GaN PDBEEs as a function of the acceleration voltage. Even with an
acceleration region of only 100 A, the tunneling current is essentially negligible.
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FIG. 16 Band to band tunneling vs.. acceleration voltage

As a result, a larger acceleration voltage can be applied across a thinner acceleration
region with negligible tunneling contribution. This allows new approaches to achieve
electron emission. The new approaches proposed here include (1) GaN based PDBEEs,
and (2) AIN/GaN tunneling cathodes.

1. GaN based PDBEEs
As a continuous research on planar-doped-barrier electron emitters, we propose here

GaN PDBEEs with two different terminating materials: (a) n-type GaN, and (b) metals.
(a) GaN terminated GaN PDBEEs
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Fig. 17 presents the proposed GaN PDBEEs with n-type GaN as the terminating top

layer. This structure is the exact extension of AIGaAs/GaAs PDBEEs. Due to the large

band gap of GaN, the band to band tunneling is greatly reduced. Therefore, a large

acceleration voltage (>5 volts) can be applied across a very thin acceleration region

(< IOOA) while the dominant current mechanism remains the thermionic emission over the

barrier.

.Eg=3.4 eV

_......=.....

* I

* I

n+ GaN undoped GaN n+ GaN Vacuum

FIG. 17 Schematic energy band diagram of a GaN PDBEE

The channel layer of the GaN PDBEEs is n-type GaN. As discussed earlier, a

conducting channel is necessary to drain the electrons reflected at the surface barrier. Since

the channel layer has to be very thin to minimize hot electron scattering, the injection

current is not uniform within an emission area due to the current crowding. As a widegap

material, GaN has a lower electrical conductivity than GaAs (at least one order of

magnitude lower). Therefore, a thicker GaN channel is necessary to minimize the current

crowding. An alternative approach of the structure shown in Fig. 17, GaN PDBEEs with

metals as the top terminating layer (subsequently called as M/GaN PDBEEs) are will also

be studied as detailed below.

(b) Metal terminated GaN PDBEEs (M/GaN PDBEEs)

Fig. 18 presents the schematic energy band diagram of a M/GaN PDBEE. In this

structure, the top n-type GaN channel layer is replaced by a very thin layer of metal (e.g.
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Hf). Electron injection, acceleration and emission mechanism in M/GaN PDBEEs are the

same as in a GaN PDBEE. There are two major advantages of M/GaN PDBEEs over GaN

PDBEEs. (1) Most metals have an electron conductivity of 2-3 orders of magnitude

n+ GaN undoped GaN mtl Vcu

FIG. 18 Schematic band diagram of a hW~aN PDBEE. The dashed arrow shows the
tunneling of electrons from the valence band to the interface staoe between the metal and
GaN acceleration region or to states above the Fermi level within the metal.
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FIG. 19 Cross section of a M/GaN PDBEE.
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higher than semiconductors. Therefore, the current crowding along the channel will be

greatly reduced even with a thinner channel. (2) The top metal layer which serves as the

contact layer also overlays the emission area as shown in Fig. 19. This eliminates the

parasitic current which directly flows towards the surface contacts as shown in Fig. 11,

and therefore, the emission efficiency will be greatly improved.

2 AIN/GaN tunneling electron emitters

Another possible structure to generate hot electrons is the tunneling structure which

was first proposed by Mead in 1960. Very recently, a group at Tohoku University, Japan,

demonstrated electron emission from the AI/SiO2/Si MOS structure shown in Fig. 20. An

emission efficiency of 0.7 % was reported from the non-cesiated MOS tunneling structure.

However, the emission current density is low and the deterioration of the oxide at high field

results in poor stability.

S ............ V

Si Si02 metal vacuum

We propose here a tunneling electron emitter based on AIN/GaN. A schematic band

diagram is shown in Fig. 21. AIN has an energy band gap of 6.2 eV and can grown on

GaN with negligible lattice mismatch. The structure shown in Fig. 21 is composed of a

thin layer of undoped AIN (-50A) sandwiched between a n+ GaN layer and a thin film of
mnetal (<IOOA). The mechanism of this device is exactly the same as that of MOS tunneling

emitters. When a bias is applied between the n+ GaN and top metal layer, most of the bias

will be across the AIN layer, since the GaN layer is heavily n-type doped.
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n+ GaN AIN metal Vacuum

FIG. 21 A schematic band diagram of AIN/GaN tunneling emitters

Because of a large AEc between GaN and AIN, estimated between 1.2-1.8 eV, the current

across this AIN/GaN structure will be dominated by the tunneling across the AIN layer, if

the AIN layer is thin enough allowing substantial tunneling. Unlike the Si-SiO2 MOS

structure in which Si0 2 is an amorphous layer, ALM can be lattice matched grown on

GaN. Therefore, ALA' layer is expected to be more stable than Si0 2 under high fields.

The AIN/GaN tunneling emitter has a very simple structure. With the rapid

development of today's nitride growth technology, high quality doped GaN and undoped

AIN can be successfully grown on SiC or sapphire substrates. The hot electron generation

mechanism of the AINiaN tunneling emitter is similar to tha- of field emitters. Both are

based on the tunneling of elections across a barrier under high fields. Therefore AIN/GaN

tunneling emitters can be described as planar field emitters. The large band gap of AIN and

single crystal quality promise stable high emission current density and high emission

efficiency. The electron energy distribution obtained from AIN/GaN tunneling emitters is

also expected narrow duc to the tunneling nature. Resonant tunneling emitters can also be

readily incorporated to reduce the electron energy distribution and enhance emission current
density.
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Appendix I Ph.D thesis generated by this research

Wei-Nan Jiang, "AIGaAs/GaAs Planar-Doped-Barrrier Electron Emitters: Design,
Fabrication, and Characterization", see attached documents.
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